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@ Multiple-modulator fractional-N divider. 

© A fractional-N type- frequency; syntiiesizer-incliides a frequency divider having , a selectable integer divide 
number which is periodically temporarily altered to provide an average rational divide number for the frequency 
divider. A number of modulator circuits coupled in cascade fashion provide a zero sum modulation signal which 
varies the value of the frequency divider divisor value such that the net . change In divisor value dueito the 
modulation signal is zero thereby reducing phase noise resulting from the temporary altering of the integer 
divisor value close to the frequency synthesizer carrier frequency. . . 
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MULTIPLE-MODULATOR FRACTIONAL-N DIVIDER 



Background of the invention 

The present invention relates generally to signal synthesizers, and more particularly to frequency 
synthesizers utilizing fractional-N techniques to provide an output frequency which Is related to a reference 
5 frequency, by a rational djvisor N,F where N js an integer portion and F is a fractional portion of the divisor. 

A frequency synthesizer is a device which generates an output signal having a frequency which is an 
. exact nnultiple of a reference frequency, the accuracy of the, output signal frequency typically determined by 
the accuracy and stability- of the referenced frequency source. Frequency synthesizers utilizing a phase 
lock loop (PLL) to provide an output signal having a selectable, precise and stable frequency are well known 
, 10 in the art. Typically a PLL includes a tunable .oscillator such, as a voltage controlled oscillator (VCO), the 
output of which is locked to a known reference signal by means of a phase comparator. The phase 
comparatpr generates an output voltage or, current that is proportional to the phase difference between the 
known reference signal and the VCO output signal. The output of the phase copnparator. is coupled back to 
the input of the VCO to tune and lock the VCO to a desired frequency. This forces the VCO output to have 
75 the same frequency as the reference, signal. To provide a frequency synthesizer having a variable output 
frequency, a divisor, circuit is interposed t)etween the output of the VCO and the phase comparator, wherein 
the VCO output frequency is :divided by a selectable divisor before it Is, compared with the reference 
frequency. The VCO output frequency will then be an exact multiple of the referenced frequency. If the 
divisor, N, is an integer, the smallest increment, in the VCO output frequency value is necessarily equal to 
20 . the magnitude, of the reference frequency itself. Thus, in order to provide a frequency synthesizer having a 
small step size between adjacent output frequencies, a very low reference frequency is required. However 
use. of a very , low reference frequency introduces unacceptable effects such as limited frequency range and 
. . a long settling tirrie tor the: f=^.L,;-. . . - : , ,3;:o; - - . . ^ 

A technique, known tas/rfracto utilized .tp synth^ output signals having a 

25 frequency which, is a rational multiple pf;the reference signal frequericy. Typically, frequency divider circuits 
are implemented in such a manner that they only divide by an integer value and it is necessary to simulate 
. fractional division by changing the divisor integer value ternporarily during the course of a division cycle. 
The non-integer division ratios / are realizecl by- dividing by + 1,. for example, instead of N on a 
proportional number of division cycles to provide/ an average division ratio which approximates the desired 
30 rational divisor number.. For example, if the desired rational divisor is taken to be N.1, the divide value will 
; be IM tor nine division cycles and N + 1 for the tenth division cycle. Thus, when averaged over ten cycles 
. the division factor equals N.1 and the VCO. output frequency will be N.1 times the reference frequency. 
\ Such a fractional-N technique is disclosed in U.S. Patent No. 3,928.813 issued to Charles A. KIngford Smith 
. on December 23, 1 975. , — 

35 : \A/hile such fractional-N dividers are widely used for frequency, synthesis,' switching between different 
divisor values results in undesirable phase error or phase "jitter" near the desired carrier frequency. When 
switching between adjacent integer divide ratios, the average divide ratio is correct, but the instantaneous 
divide ratio is never correct which results in phase error at the. phase detector output. This phase error 
phase modulates the VCO to generate the spurious signals known as phase jitter. Typically, to alleviate the 
40 jitter problem a phase error correctional signal is generated and summed into the PLL. The technique, 
known as phase interpolation, is limited by the abilib/ to precisely generate the required correction signal. 
For example, to achieve a reduction in the jitter to -70dBc requires a phase interpolation signal having less 
than 0.03 percent error. It is extremely difficult to genera^te a correctional signal having the necessary 
degree of accuracy and such circuitry is. complex and . expensive and . limits the jitter performance of this 
45 fractional-N technique. 

U.S. Patent No. 4.609,881 granted to . John = til. NA/ells on September 2, 1986 describes a fractional-N 
frequency synthesizer wherein the phase noise caused by the step change in divisor value is removed by 
altering the divisor value in accordance with the terms of a plurality of sequences each of which sums to 
zero and which represents successive rows in a Pascal's triangle. Each sequence is defined by a number of 
50 predetermined delays arranged in a predetermined order. Each predetermined sequence periodically alters 
the divisor value a predetermined number of times by predetermined values such that resulting phase 
differences present at the phase comparator sum to zero. 

Summary of the Invention 
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A frequency synthesizer constructed in accordance with the principles of the present Invention 
comprises a variable frequency oscillator conFiected-in a phase iodp having a selectable output frequency 
which is a rational multiple of a reference frequency. The output of the variable frequency oscillator is 
coupled via a variable integer divisor frequency divider to a phase detector where it is compared with a 

5 reference frequency. The phase detector generates a control signal' which is a function of the phase 
difference between the frequency divided variable frequency oscillator output and the reference frequency. 
The control signal is coupled via a loop amplifier and -low pass filter td a control input at the variable 
frequency oscillator to control the frequency b^the oscillator and 'took ihe PLL to a selected frequency. A 
first modulator circuit arranged a's a clocked accunnulator "rest>ohsive"-tb a value at its input 

70 generates a modulus control signal coupled to tlrc frequency divider to tJeriodieally increase the frequency 
divider integer divisor value on a proportional basts to provide- an' -sK/^erage 'div^ to a 

selected oscillator output frequency/ A plurality' of 'additional mddulatbi;' cells are connected in cascade 
fashion to the first modulator circuit and generate- at* zero-mean mO^ sumrhed with the 

modulus control signal and periodically varies the ■ divisor ^about ^its nominal value by a small 

75 amplitude. + or -I for example: An individuarmodulator'c^n comprises an integrator which generates an 
overflow signal coupled via a summer to a differehtlatbr-'^drcuit/ For -each '^^^^^^ generated, the 

differentiator generates a positive pulse and then" a' negative pijlse bri the rifext clock pulse. The output of 
the differentiator circuit is coupled to the 'summer in the pred^dihg modulator cell to be summed with the 
overflow signal produced by the preceding integrator. The "output of the integrator is coupled to the input of 

20 the integrator in the next successive modulator cell.' the output of the* differentiator circuit for the second 
modulator cell is summed with the overflow output of the first modulator to provide the modulus control 
signal. 

The variations in the frequency divider divisor value produced by^ the additional modulator cells sum to 
zero and do not affect the average divisor value, but^do alter the instantaneous divisor value and the noise 

25 or jitter components of 'the PLL output signal due fb phase modulation bf'the VCO resulting from the 
fractional-N technique. The variable frequency bsci^lafor output ^equehcy is an multiple of the 

reference frequency, the multiplier being the average divisor of the-^lb2)p 'fre(foeWc*# divide^^^^ The variations In 
the divisor value produce^ phase Wor 'at%e '^h"^§i'tie'tect6r-%fif&?ir=^^^^ noise in the 

oscillator output signal' The rfistantaneous variatic^^ in -ih^^ ph^se^^errbY 't^iie -loathe srgn generated by the 

30 modulator cells produce ah *inc?ease in the spuribii^ hoise^cbntehl of the bSGillator at large offsets from the 
desired output frequency r but greatly redtice the^^'tDurtous'Tibise '^at small offsets from the desired output 
frequency when compared to conventional (sihgl^ nrii6diMator) fraGtibnal-N synthesis. Increasing the number 
of modulator cells utilized further reduces the spuiibijs noise or -fl^^ rie^r the oscillator output frequency. 
The multiple cascaded modulatob -of the "presW"inveriti6n are implemented in a digital- :circuit or in 

35 software arid, comprises a sirhpie. iterated cell structure athd does not:require a priori det^mnination of a 
control sequence. The modujator ceil structure 'is applicable to sirnpie; highly^ structured ^hardware or 
firmware implemientatiohs and is much simpler to implement than analog functions' of similar ^complexity. 
The present invention provides a fractionai-N phase locked loop which ^synthesizes a sePectable output 
frequency having low spurious or jitter- noise and which does not require the cost and complexity of 

40 generating an analog phase interpolation correction signal: : - 

Brief Description of the Drawing • ; - - • • . . . - • 

A fuller understanding of the present invention will become apparent -from the following detailed 
45 description taken in conjunction with the accompanying drawing which forms a part of the specification and 
in which: ' ' . '' . ■ ^ 

Rgure 1 is a block diagram illustrating a phase lock loop type frequency synthesizer; 

Figure 2 is a block diagjram illustrating an' alternate embodiment of a phase lock loop type frequency 

synthesizer; 

50 Figure 3a is a conceptual block diagram* of a modulator circuit; 

Rgure 3b is a conceptual block diagram of a quantization model of the modulator circuit shown In Rgure 

3a: ' ■ ' ■ ■ 

Rgure 3c is a conceptional block diagram of a multiple loop modulator system; 

Rgure 4 is a diagram illusfrating the specfral power density distribution for the quantization noise of the 
55 system shown in Rgure 3c; 

Rgure 5a is a conceptual block diagram illusfrating a confrol system model for fractional-N synthesis; 
Rgure 5b is a conceptual block diagram of a modulator circuit model for the control system shown in 
Rgure 5a; 
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Rgure 5c is a conceptual block diagram illustrating a quantization model of the modulator circuit shown 
in Figure 5b; ; . 

Rgure '5d is a conceptual block diagram illustrating a multiple loop modulator system for use in 
fractional-N synthesis; 

5 Figure 6 is a diagram plotting fractiohal-N synthesis phase error noise as a function of offset frequency 
for the system of Figure 5d. ; . 

Rgure 7a is a block diagram of a single modulator loop for the system shown in Rgure 5d; 
Rgure 7b is a diagram of an accummulator implementation of the modulator circuit of Rgure 7a; 
Rgure 8 is a detailed block diagram illustrating a modulus control circuit according to the principles of 
10 the present invention; 

Rgures 9a'and 9b ai-e' timing diagrams illustrating the modulus control signal and the instantaneous 
phase error ifor ain" a single modulator fractional divider; 

Rgure IQ-^is a* diagram illustrating the spurious or jitter noise distribution for a conventional single 
modulator fractional divider; 

75". Figures 11a arid' 11b are tirning diaig rams illustrating the modulus control signal and the Instantaneous 
phase eriror for a^twd rhodulator fractional divider incorporating the modulus control circuit shown in 
Figure 8; and 

Rgure 12 is a diagram illustrating the spurious or jitter noise distribution for a two modulator fractional 
divider. 

20 " 

Detailed Description of the Preferred Embodiment 

Referring now to Figures 1 and 2. a frequency synthesizer includes a phase lock loop (PLL) comprising 
a variable freqliency oscillator 11 such as a voltage controlled tunable oscillator (VCO), which is controlled 

25 by a control signal at an iriput terminaf 23 so as to provide a desired output frequency Fout at an output 
terminal 12. The output of the VCO 11 is also coupled via a variable ratio frequency divider 13 to one input 
of a phase^comibiEii'^itor 15. 'The freque^ divider 13 divides -the VCO output frequency, Fout, by a rational 
number/ whipii m^^ be an fnte^er^tsi dr 'a fractional value = N.F^ prior to being compared with a reference 
frequency (F^ei) on line 16 at the phase detector 15. Any difference in phase or frequency between the 

30 divided VCO output signal and the reference signal applied to the phase detector 15 generates an error or 
control voltage to be applied at the input terminal' 23 of the VCO 11. The output of the phase detector 15 is 
a voltage that is proportional to the drfferehce in phase between its inputs. Typically an amplifier stage 17 is 
inciuded between the phasb detecftdr IS ahd the VCO 11. The amplifier 17 amplifies the error signal 
representing the phase difference between the reference signal and the VCO output signal and applies it as 

35 a tuning voltage to the VCO 11. Typically the loop amplifier 17 will include a low pass filter to remove non- 
DC components from the phase detector output as well as to define the PLL bandwidth. 

The PLL 10 comprises a feedback control system that locks the phase of the VCO output signal Fout to 
the phase of the reference signal Fret. The error siignal generated by the phase detector 15 controls the 
output frequency of the VCO 11 so as to keep the frequencies of the input signals Fi and Fref input to the 

40 phase detector 15 exactly equial. The output freqijency ' Fout of the VCO 11 is an exact multiple of the 
reference frequency Fref. A controller 18 in response to frequency Commands on line 22 generates 
command signals on lines 19 and 21 to set divider 13 to the appropriate divide number to provide a desired 
output frequency for the VCO 11. The frequency divider 13 may be implemented so as to produce only an 
integer divisor value thereby producing output frequencies Fout which are integral multiples of the reference 

45 frequency. In this case the output frequency Fout is determined ly the .value N of the divide number and the 
step size or ihterval between output frequencies is deterrhined by the value of the reference frequency. As 
discussed above, in order to provide a range of butiput frequencies having smali step size it is necessary 
that the reference frequency be si'nall. Alternatively," 'well-known techniques, such as the .fractional-N 
techniques referenced above, may be used to provide a large frequency range with small steps between 

50 frequencies without the adverse effects encountered when utilizing extremely low reference frequencies. 

Fractional-N synthesis utilizes a fractional divisor number N.F to provide output frequencies which are 
rational multiples of the reference frequency. To achieve the fractional N.F divide value the value of N is 
periodically altered during a single division cycle so as to simulate a fractional value N.F. For example, to 
achieve an average divide ratio of N.I it is necessary to increase the divide number N by 1 for one cycle 

55 out of every 10 cycles of the reference signal frequency, Fref. 

The actual implementation of a variable ratio or variable modulus divider circuit is a function of the type 
of divider utilized. Typically, frequency dividers are implemented with digital counters, although other well- 
knownmethods are also used. Some dividers are constructed in such a manner that they may only divide 
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by a fixed integer ratio. Other dividers may be, configured to allow one of .several integer divide ratios. 
Further, there are often restrictions on exactly when th divide ratio may be chanc|ed in order to maintain 
the integrity of the relationship between the frequency pt the input and output signal from the divider circuit. 
Typically, the fractional divider circuit utilized will be a combination of fixed modulus dividers and variable 

5 modulus dividers. For example, the..fractiQ.na!,.dwider;.circult may ..comprise^ a prescaler which is a 6-bit ring 
counter followed by a divide-by-2 circuit. In normal operation, the, ring counter is set up for modulus 5 
division and is followed by the divide-by-? eircuit jthereby making .Jti© divisor equal to 10. The fractional 
divider circuit is then followed by:a variable integer ^ivideybyrN. counter., ring counter modulus may be 
temporarily reset from 5 , to 6 for. one. cycle .and then back.to modulus 5^f or. th^ subsequent cycle resulting 

10 in a divide-by-1 1 operation which effectively removes one pulse of tlie yCO putput signal or 2 Pi of 
accumulated phase shift from the input to- tha divide-byrNxounter., Sim modulus may 

be changed to 4 for one cycle and then bacic to gvoduluS: 5,f<Dr,th^,n resulting, in a divide-by-9 

operation which effectively adds a pulse of the VCO output signal, or 2' Pi of accumula^^ shift to the 

input of the divide-by-N counter .v - . 't 

75 Referring again to Figures 1 and 2. the PLL XQ may be configured to include fractional divider 13 having 
the VCO output signal Fout as a input and prpviding an intermediate frequency signal F, equal to the 
frequency of the reference signal Fret to the phase detector 15. Alternatively, as shown in Figure 2, PLL 20 
is configured with a divid^-by-N circuit 25 having the VCO output frequenpy Fout as an input and providing 
an intermediate F, to the one input of the phase detector 15. The divide-by-N circuit 25 may have a fixed 

20 integer divide number or it may have a variable integer divide number controlled by controller 18 on line 26. 
The PLL 20 also includes fractional divider 27 having ttie. reference frequency^ Fref as an input on line 24 
and producing an intermediate reference frequency on line 16 coupled to a second input of the phase 
detector 15. The variable modulus of fractional divider . 27 i& controlled by. pontrollqr 18 on lines 28 and 29. 
The output of the VCO 11, Fout. then is an exact rgtiona!. multiple of the r^^^^ F,ef wherein the 

25 rational multiple is a predetermined combination of the divide, ratios ojf the divider 25 and the fractional 

• • divider 27. • . ■ i,^^ - - r -^i ■):ri-:^ov -.zii . •.■ ; • '" v 

Referring now also -tOjFigufes =3a.,,3b .andcgc.iif igurf,,3A,^^ ^^qonc^qtual, Iploc^^ of a 

modulator circuit 30,:comprising summer:^block,m^^ 303 hfofjng.a tran G(s). 

an analog-to-digital rconverter; ,(AQC> 305 and^.a digita^^^ 30.7. the output .signal Vo is 

30 coupled back to a .minus terminal: at summer; 301^ on line 309 to be .combined with, the inp^ Vi. If the 
integrator 303 is an ideal integrator and the Ab6 resolution is a-single bit. then the circuit 30 is known as a 
sigma-delta modulator. Treating the circuit 30 as a generalized-.loop filter and assuming that ADC 305 and 
DAC 307 are ideal with infinite resolution, if sampling effects^ (sample rate,, zero order holds, etc) are 
ignored, then:. . — - ■ ^. ; - . ^ : , 

VoA^h = (G(s)/(1 +G(s)), (1) . . ^ , — 

where s is a LaPlace variable in the continuous time domain. ^ . 

Considering a finite resolution for ADC 305 and DAC 307 v^here the input to ADC 305 is sufficiently 
40 random, the effect of the analog-to-digital conversion can be remodeled, a? added quantization noise. The 
quantization noise is white with . r 

a2 =(LSB)2/12r * -r . - 

45 where LSB- is the least significant bit • : . 

Figure 3b illustrates a block diagram, of the original circuit 30 with, the analog-totdigita! conversion 
effects modelled by added quantization noise eq(t) .at sunimer block 311. The instantaneous quantization 
noise is recovered and output by comparing the signals , at, the input 3|3 to the ADC 305 and output 315 of 
the DAC 307 at summer .31 7. From Figure 3t>, . 



50 



Vo/eq(t) = 1/(1+ G(s)). (2) 



55 



In Rgure 3c a multiple loop system comprising three loops, ach loop identical to the original circuit 30 
with the analog-to-digital conversion errors of each loop replaced by their quantization noise models as 
shown in Figure 3b. The input signal for the second and third loops Is the negative of the quantization noise 
of the preceding loop. From Figure 3c utilizing equations (1) and (2): 
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G(s) 1 

Vol ■ ' ■ ^-^•vi -* -^_ ^•©crl ■ (eq 3> 

1 ♦ G(s) 1 G(s) • 

-G(s) 1 

^02- •eql*. TT— »«q2 . (eq 4) 

1 ♦ G(s) 1 • G(s) 

-1 1 

Vo2* - '©ql * — '^^^-^^'T -632 . Ceq 5) 

1 ♦ GCs) , -iCl •.CCs))G(s) 

- ^-G(s) ■■ ■ ■ ■■' ' 1 ■ ' - ' ■ ^■ 

- ' ' 'ea3 

1 ♦ G(s) 1 - G(s) 

-1 1 
's Vg3- - ^-^ 'e„2 ♦ r'eqs (eq 7) 

(1 * G(s))G(s> (1 * G(s))G(s)2 

G(s) 1 

" Vol * * V03- • -vj ♦ ■ r—*eq3 

20 o ^ ^^^j (l*G{s))G(s)2 

If G(s) is an ideal integration, 
25 G(s) = 1/s (9) 

Substituting ecjuatf6ri (9y irito equatr6H - 



30 



35 In equation (10). only the quantization noise from the tliird loop eqa is present and is shaped by the 
term s^. Consequently, quantization noise near DC levels is suppressed at the expense of increased noise 
; at . large frequencies. Figure 4 illustrates the spectra! power density distribution for the quantization noise of 
the circuit in Figure 3c where the spectral power density. S(f). is a function of the frequency offset f from a 
signal carrier frequency; e.g.» the output signal Fout of a frequency synthesizer. 

40 Referring now also to Rgures 5a-5d, the fractional- N synthesis may be thought of as a control system 
501 in combination with an ideal divider circuit 505 i.e.. a divider capable of utilizing non-Integer divide 
ratios preceded by a quantization circuit 503 as shown in Figure 5a. Replacing the control system 501 with 
the sigma-delta modulator (as shown In Figure 3a) provides a sigma-delta model for fractional-N synthesis 
comprising summer block 511, an ideal Integrator 513 and a 1-bit ADC 515 providing an output signal to the 

45 quantization block 503. The input signal to the sigma-delta modulator is the fractional portion .F of the 
desired rational divide number N^F. The integer portion N bf the divide number N.F. is summed with the 
output of the ADC 515 at summer block 517. The switches 519,521 (Ts) reflect the sampled nature of the 
circuit (I.e., the divide ratio input to the divider circuit 505 is updated every reference frequency cycle). The 
1-bit DAC 307 (as shown in Figure 3a) can be omitted if full scale of the ADC 305 is taken to be 1. 

50 Converting to the sampled time domain and replacing the ADC with its quantization noise model, the circuit 
shown in Figure 5c is obtained. The. quantization block 503 input has been combined with the quantization 
noise signal eq(k) on line 518, From Figure 5c, 



55 
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1/(1 - z"^) 1 

1 * 2"i/(l - Z'l) 1 ♦ 2*1/(1 - .2*1 ) 



• N(2) * .f(2) * (i- 2"^|)>^^ (eq 10) 

where z is a LaPiac© variable in the discrete time-domain.- 
10 Figure 5d illustrates a multiple loop systenri '"comprising three loop's, each loop identical to the circuit 

shown in Rgure 5c. The input signal for the second and third loops is the negative of the quantization noise 
of the preceding loop. From Figure 5d utilizing equation (10), 

Ni(z) = (1-z-')eqi(z) + .f(z); (11) ^ ^ 

76 

N2(2) = -eqi(z) + (1-z-i)eq2(2:); ''(12). ^" ! ' V^' l 

N2'(2) = .(1-z-i)eqi(z) + (1-2-i)2eq2(z): (13)^ . 
20 N3(z) = -eq2(Z) + (1-2-i)eq3(z): (14) ' . " ' - 

Ns'iz) = -(1-z-^)2eq2(z) + (1-z-i)3eq3(2) (15) 

Ndiv*(z) = N(z) + Ni(z) + N2'(z)+ N3'(z) = N.f(z) + (1-z-i)3eq3(z) (eq 16) 
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In a locked phase-lock loop, the output signal Fom =.:(Nd!/^^^^^^ 
Fout (2) = N.F (z) F«f + (1-2-^)3Fref eqs (2). (17) 

The first tenm of equation 17 is the desired . PLL output frequency and the second term represents the 
frequency noise due to fractional division. 

Since eqa has a variance = 1/12 over a bandwidth of Freu the power spectral density of eqa = 1/- 
(1 2Fref). Defining v (z) = frequency fluctuation of Fout (2). 

Sv(2) • |(l-2-Mfr«£l2-(l/12f^f) ' (eq 19) 

- il-2-M^*fref/^2 y : (eq 19) 

To convert to phase fluctuation in the z-don^ain, , . . 

wit) • d©(t)/dt , d(t) • Jw(r) dt • 2iT|f(t) 

utilizing a rectangular integration 

#(2) - 2'^*<2> ♦ W(2)T5 
f(2)*(l-2"b • TgW<2> 

T^W<Z) 2llTsV(2> 



♦ (2) • 



20) 



2-1 1 • 
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Since Tj - 1/Fref = time between samples, substituting into equations (19) and (20), 

• - "(21!)2 ll-2"^l^ffef 
*(2> - — —r — — 

- -.;-«_-|l-2-l|* rad^/Hz (eq 21) 

-The term (1-2~^j behaVes as a differentiator with unity gain at f = fre/^-n- and generalizing to m loops. 

' *(2lT)^'r f T 2Xm-l) 

* 'rad2/H2, (eq 23) 



where L(f) represents single side band phase* noise. 

Rgure 6 is a plot of the fractional synthesis phase error noise as defined by equation (22) for a fractional-N 
PLL including a 0.5-1.0 GHz varactor tuned, single band VCO. Fref is 200KHz and the number of loops, m, 
is 3. The VCO phase noise is shov/n by curvs. 601 while' the phase detector noise is a flat line 603. The 

25 fractional division noise cuirve 605 intersects the VCO phase noise 601 at an outset (from the carrier 
frequency, Fobt) greater than where the phase detector phase noise 603 intersects the VCO phase noise 
curve 601; The -phase noise> Oitter)]fdU©^to the 'fractional, d^^^^^ reduced at the carrier frequency, 

but- becomes larger at large' of^^ (greater than 'SKHz in r this, example) from the carrier frequency. 
Destgning^the' PLL for harrow bahdwidth and Utilizing additional filtering outside the PLL bandwidth rejects 

30 the fractional division phase noise energy and provides a fractional-N PLL without sophisticated correction 
circuitry. " ' " ^ v. < . . 

Refen'ing now also to Figures 7a and 7b, . the - block diagram for each sigma-delta modulator is a 
moderately complex circuit, but since the function 1/(1-2:."') is an integration function, the circuit shown in 
' Rgure 7a can be implemented with" a single, readily available accumulator circuit as shown in Figure 7b. 

35 Similarly, the function (1-2'"'') can beimplemented as'a differentiator circuit. While the modulator cell 30 has 
been described and implerhented as an integrator circuit, the transfer function G(s) is not restricted to an 
integration function, but may be any transfer function which provides the desired quantization noise 
characteristics. Similarly, the single integrator implementation (as shown in Figure 8) is simple to implement 
arid provides good results, but rhay, for example, be implemented as two or more cascaded integrator 

40 circuits. ' • " ' , • 

Referring now also to Figure 8, 3a detailed biock diagram of a multiple modulator fractional divider, 
fractional divider 13 as shown in Figure" 1. for example, according to the principles of the present invention 
is shown. The fractional divider 13 comprises an integer divide circuit 53 having an integer divide value 
which is modulated by a modulus control signal- on line 38. The modulator control signal on line 38 is 

45 provided by' the multiple loop nriodulator circuit shown in Figure 5d. The divider 53 provides an intermediate 
Fi which is equal to the VCO output frequency Fout divided by the integer divide value of the divider 53. The 
modulus control signal on line 38 comprises the integer divide value N on line 19 provided by controller 18 
and a modulation signal N on line 36 which is derived frorri the fractional portion .F provided by controller 
18 on line 21. The modulus control signal on line 38 modulates the nominal integer value N of the 

50 frequency divider 53 to provide an average divide value for the divider 53 of N.F. The fractional portion of 
the divisor value N.F is coupled to an integrator 31 on line 21 to generate the 5 N signal on line 36. A series 
of cascaded modulator cells 30 are coupled to the output of integrator 31 . Each modulator cell 30 is 
identical and compris s a sigma-delta modulator implemented as an integrator 33. a summer circuit 41 and 
a differentiator circuit 47. In this example, only three additional modulator cells 30 are illustrated, but 

55 additional modulator cells may be provided as required. Each of the integrators 31, 33, 35, 37 has an 
integration function of 1/(1-z~^) and is. commonly referred to as an accumulator. Similarly each of the 
differentiator circuits 47. 49, 45 is characterized by differentiation function of 1- A new value of 5 N on 
line 36 is computed once per period of the reference clock Fret- The clock signal on line 54 has an average 
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frequency greater than or equal to., the output freque.ncy of divider 53, F|,'and may be obtained directly from 
the output of divider 53. A clock frequency greater than F| can be utilized to provide multiple clock cycles in 
which to perform the mathematical calculations of 5 N on line 36. Typically a clock signal having a 
frequency greater than F, is obtai,nie.d-by' diyiding the output frequency of the VCO Fout- all cases the 

6 modulus control signal on line 3ajkbpdate.d^QD.Q^.p.§r.perio'd]p^^^^^^^^ frequency F, of divider circuit 53. 

In a well-known manner, the value ,pn line 21 is m put to 'th.e integrator 31 and is added to the value 
already held in integrator 31 and a new sum is inst^htly' made'available on the output line 32 which also 
represents the input line for integrator 33. When the value hdld.by an integrator or accumulator reaches a 
predetermined value, labeled "OVFL^ it generates =an overfkjw or signal on line 34 as an input to 

10 summer 39. The overflow signal on line 34 then is summed with any signal which may be on line 42 at the 
summer 39 to generate the 5 N signal on line 36. All of the"^integrators 31. 33. 35. 37 have the same 
overflow value, but because the integrators are cascaded together those integrators furthest from the input 
line 21 will overflow more rapidly than. the integrators cIoser.to_the input Jine:21., The fractional portion of the 
average divide ratio thus obtained Is the value represented on input line 21 divided by the value OVFL For 

75 example, in a system where the integrator's overflow at a value of 1000 and a value on the input line 21 is 
27, the fractional portion of the divide ratio thus obtained .,wjILbe 0.027. The overall average divide ratio of 
the divider. 53 will be N.027. where.N is the'vajue Jnput to summ^ 51 on line 19. Therefore the value input 
to integrator 31 on line 21 is a fractional portion o{ the average divide ratio, N.F, times the overflow value for 
the integrator 31, .POVFL. 

20 Referring now also to Figures 9a and 9b, consider a fractional divider 13 wherein only one modulator 31 
(implemented as integrator 31), and no additionahmpdulator.cellSi Js utilized. If the -fractional portion of the 
desired divide ration is 1/128,and the overflow value, for :the: integrator 31 is 128, then the integrator 31 will 
generate an overflow or carry signal once every.:129 cycles-' c^jthe clock on line 54. The overflow signal on 
line 34 will cause a N = 1 signal to be present on-line 36 for j .plock period. Therefore the nominal integer 

25 value N of the divisor for divider .53 is increased by,1 for. l.nGiock period out of every 128 clock periods. 
Figure 9a illustrates ; tha moduius^^Gontrol.; signal oi^&line 38 yersus;.tifTie.-.Figu the phase error 

versus time. A cyclic phase^ermr-extstscbscacm^thsnfr^ correct average 

divide ratio, not the^cqn-ectdnstantaneouSi^iivtde: ratiov:-:fr?gui^r40;is.^%^lotGf the ipower^spectral. density S(f). 
where f is the. outset-frequency, of . the^spurigu^^ inpise/ or i^^^^ r^.Uing from the phase error., shown in Rgure 

30 9b and exhibits a peak at-the carrier or desired^VCO :.j9uJput>ffr#quencY. * ■ 

Referring now to Figures 11a, lib and 12, the same data is plotted for a fractional, divider circuit 13 
including one additional modulator eircuit.30rwhe.t?ein:th^ input 46. of integrator 33 is connected to the output 
32 of integrator 31. The: overflow output ^ of mtegrator 1 33; is, , coupled o,n line 44 to. differentiator 47 via 
summer 41. The Output of the differentiator' i47sris coupled to. sumnrier:39 on line 42. For each overflow or 

35 . carry signal generated by-integrator 33i.dtffexentiator;37j will generate, a ^positive output pulse on the same 
clock pulse as integrator 33 -produced -the . catfy: signal and will produce a. jnegative pulse -on the next 
following clock pulse. Thus /the nominal-integer value divisor for divider =53 wiH. be increased by one on a 
first clock pulse and decreased by orie ron?^: next subsequent ^lock pulse producing a net change in the 
divisor of 0. In the above-described system, 1 and the overflow value 128. and assuming that 

40 initially both integrators 31. 32 have a value of 0, integrator 31 will generate an overflow signal on the 128th 
clock pulse. However, integrator f33 ^wiHj produce-ayerflcw signals on. the. eleventh, twentieth, twenty-fifth, 
thirtieth, clock pulses, etc. Rgure;,11a^pJots.AherQhange in:the, m^ signal^on line 38 versus time 

and Figure 1 1 b: plots' the instantaneous=phase^..error., versus time. A connparispn of Rgures 9a and 9b and 
11a and 11b. respectivolyrillu$trate,s. the effect^on, thermodulu signal that Jhe extra modulator cell 

45 30 has generated; The average,. change in .the modulus,. control signaL.and the phase en-or due to the 
modulator cell 30 is. 0 while the modulation of, the modulus, control signal due to integrator 31 provides an 
average overall divisor ratio for divider 53 ::GtfvlVl28..F.igjura -12 illustrates the spectral power density of the 
spurious noise produced by tt>e phase/enrprl .The mqd.glatiqn of the nominal integer divide number produces 
an increased overall spurious noise content :l:loweve;?^.rthe spurious poise energy is greatly reduced at small 

50 offsets from the desired output signal; the crossover, point being at approximately Four divided by 6. The 
spurious noise energy at large offsets may be easily filtered by conventional means to provide a signal 
having a desired frequency with substantial less jitter noise than that produced by conventional fractional-N 

synthesis methods. ... 
Although the present* invention has been shown and described in connection with certain specific 
55 embodiments, it will be readily apparent to those skilled in the art that various changes in fomn and 
arrangement may be made without departing from the spirit of the invention or. exceeding the scope of the 
claims appended hereto. 
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Claims 

1. A variable frequency synthesizer comprising: 

a variable frequency oscillator for generating an output signal having a selectable output frequency 
which is a rational nriultiple of the frequency of a reference signal: 

frequency divider means having an input coupled to the output of said variable frequency oscillator, 
said frequency divider means having a selectable variable integer divisor, said frequency divider means 
for producing an Intermediate signal having a frequency equal to the frequency of the variable 
frequency output signal divided by said variable divisor value; 

ph^se comparison trie'ahs coupled to said frequency divider means for comparing the phase of said 
intermediate signal to the" phase of a reference signal and' generating an error signal indicative of a 
phase difference therebetween, said en-or signal coupled to a control input at said variable frequency 
oscillator; 

first means coupled to an input of said frequency divider means, said first means responsive to a 
Gontrol signal representative of a fraciional divisor value for generating a first modulation signal to 
periodically temporarily alter said integer divide value such that said frequency divider means has a 
predetermined average rational divisor value; and 

second means coupled to an output of said first means and having an output coupled to said frequency 
divider means, said second means responsive to a first sum signal output by said first means for 
generating a second modulation signal varying the value of said integer divisor, the net change in said 
integer divisor value due to said second modulation signal being zero, 

2- A frequency synthesizer as in Claim 1 further comprising at least one additional means coupled to an 
output of said second means and responsive to a second sum signal output by said second means for 
generating a. third modulation signal, said third modulation coupled' back to said second means and 
sum.med.with .said second mod^^^ 

3. A frequency synthesizer & in Claim 2 wherein said first means comprises an integreitor means having 
an input for receiving said control signal, said integrator means responsive to said control signal for 
generating an overflow signal and said first sum signal. 

4. A frequency synthesizer as in Claim 3 further comprising summer means connected between said first, 
integrator means and said frequency divider means, said summer means having a first input for 

. receiving said overflow signial and a second input coupled to said second means for receiving said 
second modulation signal, said summer means generating said first modulation signal, said first 
modulation signal being the sum of said overflow signal and said second 'modulation signal. 

5. A frequency synthesizer as in Claim 4 wherein said second means and each said additional means 
comprises a modulator cell, each said modulator cell comprising: 

clocked integrator means having an input port and first and second output ports; 

summer means having an output port and first and second input ports, said first input port coupled to 
said integrator means first output port for receiving an overflow signal generated by said clocked 
integrator means; and 

differentiator means having an input port and an output port, said differentiator means input port 
coupled to said summer means output port, said differentiator means responsive to a pulse at its input 
port for generating a first output pulse of identical polarity and a second output pulse of opposite 
polarity following said first output pulse; and 

said modulator cells coupled together in cascade fashion, said integrator means second output port 
coupled to the next succeeding integrator means input port, said differentiator means output port 
coupled to said summer means input port of the immediately preceding modulator cell. 

6. A frequency divider for dividing the frequency of an input signal by a selectable rational number 
comprising: 

frequency divider means having an input for receiving an input signal, an output for outputting an output 
signal, the frequency of said output signal being the frequency of said input signal divided by a 
selectable rational number, said frequency divider means including a modulus control input for 
receiving a modulus control signal: 

first means coupled to said modulus control input of said frequency divider means, said first means 
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responsive to a control signal representative of a fractional divisor value for generating a first 
modulation signal for periodically temporarily altering an integer divide value such tliat said frequency 
divider nneans has a predetermined average ratjonal divisor value; ^nd 

second means coupled to an output of said first.means and having an output coupled to said frequency 
divider nneans, said second, means responsive to,,a first signal output by said first means for generating 
a second modulation signal periodicany yarying, the value of said integer divider value, the net change 
in said integer divisor value due to. said secorid. rn'odulation sighgil. being zero. 

7. A frequency divider as in Claim 6 further compnsipg at least onj? addjti.pnal m coupled to an output 
of said second means and responsive ,to a second signal output by ' said second means for generating a 
third modulation signal, said third modulation signal' cbuplad >acl< to' said second means and summed 
with said second modulation signal. . . .... . . , , , . ^| 

8- A frequency divider as in Claim 6 wherein, said first means comprises accumulator means having an 
input for receiving said control signal, said, .aqcipglator mea^^^ signal for 
generating an overflow signal and a first sum signal. ^ ., 

9- A frequency divider as in Claim 8, further comprising" siimmer means con riecfed between said first 
accumulator, means and said -frequency divider means,, said summer means having' a first input for 
receiving said overflow signal and a second jnput coupled to saidj second means for receiving said 
second modulation signal, said summer means generating said first modtijatidn signal, said first 
modulation signal being the sum of said overflow signal and said second modulation signal. 

10. A frequency divider as in Claim 9 further comprising a" plurality of modulation cellsV said second means 
and each said modulation cell, comprising: -' .r; 

accummulator means having an input port and,.first and secopd P^:"?^;..: . . ? 

summer means having an output port and first ^rid seconci input ports, said fir^f ihput port coupled to 
- said .accunnulator . means .first, output; porj^ fpr ^recejying an overflow generated by said accumulator 
means; and , , - . . ......... 

differentiator means having an input port and, an , output port said diffeVehtiator means input port coupled 
to said summer means output port said differentiator means responsive to a plulse at its input port for 
generating :a first jDutput pulse otJdenticailY.,plurality and a second output pulse of opposite plurality 
following said first input pulse; and . . ^ . . : . ^ ' . 

said modulator cells coupled together in cascade fashibn^^id secohd output port coupled 

: to the next ..succeeding, accumulator means i'npjujf .port^ said differentiator means out^ coupled to 
said summer means input, port of the imm^jately^ modulator celL 
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@ Multiple-modulator fractlonal-N divider. 

(g) A fractional-N type frequency synthesizer in- 
cludes a frequency divider having a selectable in- 
teger divide number which is periodically temporarily 
altered to provide an average rational divide number 
for the frequency divider. A number of modulator 
circuits coupled in cascade fashion provide a zero 



sum modulation signal which varies the value of the 
frequency divider divisor value such that the net 
change in divisor value due to the modulation signal 
is zero thereby reducing phase noise resulting from 
the temporary altering of the integer divisor value 
close to the frequency synthesizer carrier frequency. 
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